As appropriate therapies for pancreatic fibrosis and inflammation are limited, prognosis of chronic pancreatitis has not improved to date. Recent studies have shown that statins improve inflammation and fibrosis in several organs. We therefore examined the therapeutic effect of pravastatin on progression of chronic pancreatitis by starting this treatment after induction of pancreatic fibrosis in rats. Chronic pancreatitis was induced by continuous pancreatic ductal hypertension (PDH) for 14 days according to our previous study. Pravastatin at a dose of 10 mg/kg/day was administrated directly into the duodenum via cannula from 2 days after induction of PDH. Progression of pancreatic fibrosis and expression levels of transforming growth factor-b1 and tumor necrosis factor-a mRNA were markedly attenuated after commencement of pravastatin compared with untreated group with PDH. In addition, pravastatin treatment markedly improved pancreatic exocrine function and significantly elevated expression level of interleukin (IL)-10 and superoxide dismutase activity in the pancreas compared with the untreated group with PDH. These results revealed that pravastatin substantially attenuates the progression of pancreatic inflammation, fibrosis and exocrine dysfunction probably by its anti-oxidative property and overproduction of IL-10 in animal model of chronic pancreatitis. These results provide an experimental evidence that pravastatin exerts beneficial effect for progression of chronic pancreatitis.
Chronic pancreatitis is considered to be one of the intractable pancreatic diseases, because pancreatic fibrosis is progressive and irreversible, and beneficial therapies are lucking. Statins are competitive inhibitors of 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) reductase, the key enzyme that regulates the synthesis of cholesterol from mevalonic acid by suppressing the conversion of HMG-CoA. 1 Therefore, statins are widely used in the first-line management of hyperlipidemia due to their efficacy in improving plasma lipid profiles. 1 However, as mevalonate is the precursor not only of cholesterol, but also of many non-steroidal compounds, inhibition of HMG-CoA by statins may result in pleiotropic effects such as anti-inflammatory, 2 anti-fibrotic 3 and antioxidative 4 actions. Previous studies have shown that statins improve inflammation and fibrosis in several organs in vivo such as the kidney, 3, 5, 6 cardiovascular system 7, 8 and liver. 9 However, in these studies, statins are administrated from before onset of inflammation and fibrosis, it therefore remains unclear as to whether statins exert therapeutic or preventive effects on inflammation and fibrosis in these organs. We recently showed that administration of pravastatin even after the onset of pancreatic fibrosis markedly improved pancreatic inflammation and fibrosis in the Otsuka Long-Evans Tokushima Fatty (OLETF) rat. 10 These results suggest a possibility that statins exert therapeutic effects for chronic pancreatitis.
We previously developed experimental model of chronic pancreatitis by inducing continuous pancreatic ductal hypertension (PDH) in rats. 11 In this experimental model, marked inflammatory cells and fibrosis infiltrate into the pancreas, and pancreatic exocrine function markedly deteriorates. As these pathophysiological changes of this rat model closely resemble human chronic pancreatitis, this experimental model seems to be useful for investigating therapeutic strategies for chronic pancreatitis.
In this study, we therefore examined whether pravastatin exerts therapeutic effects on the progression of chronic pancreatitis in this experimental model, even if treatment with pravastatin started after induction of pancreatic fibrosis in rats.
MATERIALS AND METHODS Materials
Pravastatin, a competitive inhibitor of HMG-CoA, was a generous gift from Daiichi-Sankyo (Tokyo, Japan).
Animals
Male wistar rats weighing 330-360 g were used, and maintained in a temperature (23 ± 21C)-and humidity (55 ± 5%)-controlled room with a 12:12-h light-dark cycle (lights on at 0700 h), and received human care according to the guidelines at our institution. This experimental protocol was approved by our institutional animal welfare committee.
Animal Preparation
The rats were anesthetized with pentobarbital sodium (50 mg per kg body wt., intraperitoneal), and a midline incision of the abdomen was made. The common bile duct was ligated proximal to the pancreas near the liver, and a cannula was inserted above the ligature to collect pure bile. Another cannula was inserted into the biliopancreatic duct through the ampulla of Vater to collect pure pancreatic juice (PJ). An additional cannula was inserted into the duodenum to return biliopancreatic juice by a servomechanism and to administrate pravastatin or vehicle. After surgery, the rats were placed into a modified Bollman-type restraint cage. 11 Surgical procedures were conducted according to the method of Green et al. 12 During the recovery and experimental periods, the rats had full access to food and water ad libitum.
Experimental Protocol
The rats were divided into three groups. The first group received PDH with pravastatin treatment (PDH-P group, n ¼ 24). The second group received PDH with vehicle during experimental period (PDH-C group, n ¼ 24). The third group was subjected to the same surgical procedure, but did not receive PDH and pravastatin treatment (CONT group, n ¼ 32) (Figure 1 ). On postoperative day 3, PDH was induced by raising the free end of the pancreatic duct cannula to vertical position at 10 cm above the pancreas to exert a hydrostatic pressure. The schematic diagram of the experimental model is shown in Figure 2 , and details with regard to this experimental model were described previously. 11 PDH was increased by raising the free end of pancreatic cannula 2.5 cm each day until 15 cm. Thereafter, we gradually decreased PDH to preserve pancreatic secretion. Serial change of pancreatic ductal pressure during experimental period for induction of chronic pancreatitis ( Figure 3A ) was selected according to our previous study. 11 Pravastatin at a dose of 10 mg per kg per day was administrated directly into the duodenum via cannula from 2 days after induction of PDH until the end of experimental period for 12 days (Figure 1 ). The dose of pravastatin was selected based on the previous studies. 3, 10 The PJ samples were taken before and at every 2 days after induction of PDH, and were analyzed for volume and amylase activity. Blood samples were taken before and on days 3, 7, 10 and 14 after induction of PDH to determine serum amylase activity (Figure 1 ). On days 2, 7 and 14 after induction of PDH, rats were killed and the pancreas was taken under pentobarbital anesthesia (50 mg per kg body wt., intraperitoneal). Blood and PJ samples were taken at the same interval and the pancreas was removed on days 0, 2, 7 and 14 from the CONT group of rats. A splenic portion of the pancreas was used for histological examination, and a duodenal portion of the pancreas was used for mRNA analysis, determination of contents of protein and DNA, and activities of amylase, superoxide dismutase (SOD) and tissue myeloperoxidase (MPO) in the pancreas. A duodenal (day) Figure 1 Experimental design. Pancreatic ductal hypertension with pravastatin treatment (PDH-P) group received PDH and treatment with pravastatin during experimental period. PDH-C group received continuous PDH alone during experimental period. Control (CONT) group did not receive PDH and treatment with pravastatin. and indicate the duration of PDH and treatment with pravastatin, respectively. In addition, and indicate the time points of pancreatic juice (PJ) and blood sampling, respectively.
Pancreatic juice Bile
Bilopancreatic juice portion of the pancreas, serum and PJ were frozen at À801C until assays.
Assays
Duodenal portion of the pancreas was homogenized in a 0.15 M sodium chloride solution using a motor-driven, Teflon-coated glass homogenizer, and the homogenates were filtered through three layers of gauze and then sonicated for 1 min. The aqueous phase was used for amylase, protein and DNA assays. Protein concentration was measured using Folin phenol reagent with bovine serum albumin as a standard. 13 Pancreatic DNA was measured fluorometrically by the reaction between 3, 5-diaminobenzoic acid and deoxyribose sugar using calf thymus DNA as a standard. 14 Amylase activities in the pancreas, PJ and serum were determined by a chromogenic method with a Phadebas amylase test (Phadebas, Lund, Sweden). 15 Bicarbonate concentration of PJ was determined by acidification of samples with HCl immediately after collection, followed by back-titration using the TIM840 multititration system (Radiometer Analytical, Villeurbanne, France). Activity of a primary antioxidant enzyme, SOD, in the pancreas was determined using watersoluble tetrazolium salt (SOD Assay Kit-WST; Dojindo Molecular Technologies, Kumamoto, Japan). 16 
Physical Analysis
The body weights of rats were measured after the induction of anesthesia before surgery and after the experimental period. Food intake was determined daily during the experimental period.
Pancreatic Function Test
On day 13 after induction of PDH, pancreatic exocrine function in response to secretin was evaluated after an overnight fast. PDH was decompressed from 60 min before and during the pancreatic function test. Porcine secretin (Peptide Institute, Protein Research Foundation, Osaka, Japan) at a dose of 100 pmol/kg was given by a bolus injection into tail vein after obtaining basal PJ flow for 15 min, and PJ was further collected for 45 min at 15 min intervals. The volume, bicarbonate concentration and amylase activity of PJ were determined.
MPO Estimation
Neutrophil sequestration in the pancreas was quantified by measuring MPO activity according to the previous study. 17 Pancreatic samples were thawed and homogenized in 20 mM phosphate buffer (pH 7.4). Samples were centrifuged (10 000 g/min, 41C), and the resulting pellet was resuspended in 50 mM phosphate buffer (pH 6.0) containing 0.5 % hexadecyltrimethylammonium bromide (Sigma, St Louis, MO, USA). The suspension was subjected to three cycles of freezing and thawing, and disruptured by sonication. The sample was then centrifuged (10 000 g/min, 41C), and the supernatant was used for MPO assay. The reaction mixture consisted of supernatant, 1.6 mM tetramethylbenzidine (Sigma), 80 mM sodium phosphate buffer (pH 5.4) and 0.3 mM hydrogen peroxide. This mixture was incubated at 371C and the reaction was terminated with 2 M H 2 SO 4 . Then, absorbance was measured at 450 nm and corrected for the weight of the tissue sample, and compared with the CONT group (fold increase over CONT group).
Hydroxyproline Assay
The hydroxyproline assay was performed as a marker of collagen synthesis in the pancreas using the method described previously. 18 The whole pancreatic tissues were homogenized in saline, hydrolyzed with 2 N NaOH for 30 min at 1201C, followed by the determination of hydroxyproline by modification of the Neumann and Logan's reaction using Chloramine T and Ehrlich's reagent 19 using a hydroxyproline standard curve and measuring at 550 nm. Values were expressed as mg of hydroxyproline per g pancreas.
Quantitative Real-Time Reverse TranscriptionPolymerase Chain Reaction
The expression levels of a fibrogenic growth factor, transforming growth factor (TGF)-b1, a proinflammatory cytokine, tumor necrosis factor (TNF)-a, and an anti-inflammatory cytokine, interleukin (IL)-10 mRNA, were determined by quantitative TaqMan PCR with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene as a reference. For real-time reverse transcription polymerase chain reaction, total RNA was extracted from frozen pancreatic tissue by the acid guanidium thiocyanate-phenol-chloroform method, 20 and 2 mg of total RNA were reverse transcribed using random hexamers and TaqMan RT reagents (Applied Biosystems, Foster City, CA, USA). PCR of TGF-b1, TNF-a, IL-10 and GAPDH were performed using the TaqMan probe, TaqMan universal PCR master mix and primers for TGF-b1, TNF-a or IL-10, as well as TaqMan rodent GAPDH control reagents (Applied Biosystems). PCR products were amplified (501C for 2 min and 951C for 10 min, followed by 40 cycles of 951C for 15 s and 601C for 1 min) and analyzed on a real-time PCR cycler, the ABI PRISM 7000 sequence detection system (Applied Biosystems). For quantification, the fluorescence intensity was plotted against the PCR cycle number. The amplification cycle displaying the first significant increase of the fluorescence signal was defined as the threshold cycle (C T ). The C T value of each sample was compared with C T values of the standardization series. The amounts of TGF-b1, TNF-a and IL-10 transcripts were normalized to the amount of GAPDH transcript in the same cDNA (expressed as fold change per GAPDH).
Histological Examination
A splenic portion of pancreatic tissue was fixed overnight in 4% buffered neutral paraformaldehyde solution, embedded in paraffin and deparaffinized by standard procedures. Thin sections (5 mm) were stained with hematoxylin and eosin and Azan-Mallory staining for light microscopic examination. All histological analyses were performed in randomly selected fields of sections by two investigators blinded to the identity of the treatment groups.
Immunohistochemistry for Detection of Activated Pancreatic Stellate Cells, Apoptotic Cells and Oxidatively Stressed Cells
For the detection of activated pancreatic stellate cells (PSCs), apoptotic cells and oxidatively stressed cells in the pancreas, we conducted immunohistochemistry for a-smooth muscle actin (a-SMA), a marker for activated PSCs, 21 single-stranded regions in the DNA (ss-DNA) expressed in apoptotic cells 22 and 8-hydroxy-2 0 -deoxyguanosine (8-OHdG), a marker for the oxidative DNA damage. 23 For immunohistochemistry for a-SMA and ss-DNA, pancreatic tissue sections were immersed in PBS (pH 7.2) for 10 min and then in PBS containing 3% H 2 O 2 for 10 min to quench endogenous peroxidases. After further incubation in 0.25% casein solution for 10 min, the tissue sections were incubated with a specific primary antibody for a-SMA (Dako Corporation, Carpinteria, CA, USA) diluted at 1:50, or a specific primary antibody for ss-DNA (Dako Corporation) diluted at 1:100 in PBS for 16 h at 41C. The primary antibodies were visualized by the labeled streptavidin-biotin method using a commercially available kit (Dako Corporation). For the detection of immunoreactive product of 8-OHdG, the avidinbiotin complex method with alkaline phosphatase was used as described previously. 24 Pancreatic sections were autoclaved for 10 min at 1211C in 10 mM citrate buffer (pH 6.0). Then, the following were sequentially applied: normal rabbit serum (diluted at 1:75) (Dako Corporation) for inhibition of nonspecific binding of secondary antibody, N45.1, biotin-labeled rabbit anti-mouse immunoglobulin G serum (diluted at 1:300) (Japan Institute for the Control of Aging, Shizuoka, Japan) and avidin-biotin-alkaline phosphate complex (diluted at 1:100) (Vector Laboratories, Burlingame, CA, USA). All procedures were performed as recommended by the manufacturer.
Quantitative Analysis of Apoptosis and Oxidative Stress in the Immunohistochemistry
As immunoreactivity of ss-DNA and 8-OHdG are observed in the nuclear compartment, it is possible to quantify the immunoreactions in each experimental group. To determine indexes of ss-DNA and 8-OHdG in the pancreas, 20 nonoverlapping fields were randomly selected from five rats in each experimental group at Â 200 magnification. At least 300 acinar cells were counted in each field, and the indexes of ss-DNA and 8-OHdG represented the percentage of positive cells.
Quantitative Analysis for Pancreatic Fibrosis in the Histological Examination
Quantitative evaluation of fibrotic area in the pancreatic specimen was performed using an Axiophot microscope (Carl Zeiss, Eching, Germany) connected to an interactive image analysis system (IBAS, Carl Zeiss). Twenty non-overlapping fields with Azan-Mallory staining from five rats in each experimental group were randomly selected at Â 100 magnification. The blue-stained fibrotic area was determined by IBAS. The proportion of pancreatic fibrosis was indicated as equation: area of fibrosis/total area of specimen.
Statistical Analysis
Results were expressed as the mean ± s.e.m. Statistical analysis was performed by unpaired Student's t-test, paired t-test or repeated measure one-way ANOVA followed by Fisher's protected least significant difference test as appropriate using the commercial software, StatView (Abacus Concepts/Brain Power, Berkeley, CA, USA). Differences with Po0.05 were considered as statistically significant.
RESULTS

Physical Findings
Body weight of the PDH-C group significantly decreased, whereas that of the CONT group significantly increased on day 14 compared with respective initial values on day 0. Pravastatin treatment prevented the decrease in body weight of rats during experimental period (Table 1) . Daily food intake of the PDH-C group significantly decreased on day 14 compared with that on day 0, whereas the PDH-P group maintained similar levels during experimental period as well as the CONT group (Table 1) . However, there were no significant differences in the average food intake during entire experimental period among all experimental groups.
Serum and PJ Analysis PDH caused an immediate and significant decrease in volume of PJ flow. However, pravastatin treatment gradually restored PJ flow ( Figure 3B ). Amylase activity of PJ immediately and markedly decreased after induction of PDH, and further decreased during the experimental period in the PDH-C group ( Figure 4A ). However, amylase activity of PJ in the PDH-P group gradually recovered after commencement of pravastatin treatment ( Figure 4A ). In the PDH-C group, serum amylase activity gradually, but significantly, elevated after the induction of PDH compared with that in the CONT group and peaked on day 7 ( Figure 4B ). Pravastatin treatment prevented the significant increases in serum amylase activity after induction of PDH and maintained at similar levels of the CONT group ( Figure 4B ).
Pancreatic Function Test
The basal PJ volume ( Figure 5A ) and amylase activity of PJ ( Figure 5B ) in the PDH-C and PDH-P groups were significantly lower than those in the CONT group. A bolus injection of secretin at a dose of 100 pmol/kg failed to cause significant increases in PJ volume ( Figure 5A ), amylase activity of PJ ( Figure 5B ) and bicarbonate concentration of PJ ( Figure 5C ) in the PDH-C group. However, the same dose of secretin induced a significant increase in these parameters in the PDH-P group as well as in the CONT group (Figures 5A-C) .
Pancreatic Weight, Contents of Protein and DNA, and Amylase Activity The pancreatic weight, contents of protein and DNA, and amylase activity of the PDH-C group significantly decreased compared with those of the CONT group (Table 2) . However, these parameters of the PDH-P group were significantly higher than those of the PDH-C group (Table 2) .
Hydroxyproline Level, Activities of MPO and SOD, and Expression level of TNF-a and IL-10 mRNA in the Pancreas In the PDH-C group, hydroxyproline level and MPO activity were significantly increased, whereas SOD activity was significantly decreased compared with those in the CONT group (Table 3) . Treatment with pravastatin significantly reversed these alterations ( Table 3 ). The mRNA expressions of TNF-a and IL-10 in the PDH-C group were higher than those in the CONT group. Treatment with pravastatin significantly attenuated mRNA expression of TNF-a, but markedly elevated mRNA expression of IL-10 compared with those in the PDH-C group (Table 3) .
Serial Changes of Proportion of Fibrotic Area and Expression Level of TGF-b1 mRNA in the Pancreas
Proportion of fibrotic area progressively increased in the PDH-C group until the end of experimental period. Treatment with pravastatin from day 2 significantly attenuated the increase in proportion of fibrotic areas, although it showed a slight increase on day 14 ( Figure 6A ). Induction of PDH markedly increased the expression level of TGF-b1 mRNA in the pancreas on day 2, but thereafter it gradually decreased in the PDH-C group ( Figure 6B ). Treatment with pravastatin further decreased the expression level of TGF-b1 mRNA in the pancreas compared with the PDH-C group ( Figure 6B ).
Histological Findings of the Pancreas
In the CONT group, minimal histological changes were noted in the pancreas on day 14 ( Figure 7A ). However, in the PDH-C group, inflammatory cells were mainly infiltrated into the intralobular area and around pancreatic ducts on day 2 ( Figure 7B ). On day 14, fibrosis and inflammatory cells were markedly distributed in the interlobular and Figure 5 Changes in volume (A), amylase activity (B) and bicarbonate concentration of pancreatic juice (PJ) (C) in response to intravenous injection of secretin at 100 pmol/kg. Both basal and secretin-stimulated PJ volume, amylase activity and bicarbonate concentration in the pancreatic ductal hypertension (PDH)-C group were markedly lower than those in the control (CONT) group. However, these parameters in the PDH-P group were significantly higher than those in the PDH-C group at almost all time points. Values are expressed as mean ± s.e.m. of eight rats. (a) Po0.05 vs value in the CONT group at each time point. (b) Po0.05 vs value in the PHD-C group at each time point. Unpaired Student's t-test was used for statistical analysis. (c) Po0.05 vs basal value before injection of secretin (at time 0) in the same group. Statistical analysis was performed by repeated measure one-way analysis of variance (ANOVA) followed by Fisher's protected least significant difference test. For key to the groups, see Figure 1 .
Pravastatin attenuates chronic pancreatitis L Wei et al intralobular areas of the pancreas in the PDH-C group. In addition, exocrine glands of the pancreas were atrophic ( Figure 7C ). In contrast, although the pancreatic ducts were dilated owing to PDH, distribution of fibrosis and inflammatory cells were markedly attenuated in the PDH-P group on day 14 ( Figure 7D ). Azan-Mallory staining clearly showed that blue-stained fibrotic area was rarely noted in the CONT group ( Figure 7E ). However, in the PDH-C group, fibrosis was observed mainly in the periductal area and slightly in the intralobular area on day 2 ( Figure 7F ). On day 14, fibrotic areas were markedly distributed around pancreatic ducts, and in the interlobular and intralobular areas of the pancreas in the PDH-C group ( Figure 7G ). In the PDH-P group, fibrotic areas were mainly detected around the pancreatic ducts and were slightly found in the interlobular and intralobular areas of the pancreas on day 14 ( Figure 7H ).
Immunohistochemistry for Detection of Activated PSCs, Apoptotic Cells and Oxidatively Stressed Cells
Expressions of a-SMA, a marker for activated PSCs, were rarely detected, except in the vessel walls in the CONT group ( Figure 8A ). In the PDH-C group, a-SMA-positive cells were markedly distributed in the periductal, periacinar and interlobular areas of the pancreas ( Figure 8B ). In contrast, Table 2 Effects of pravastatin treatment on the pancreatic weight, contents of protein and DNA, and amylase activity Values were mean ± s.e.m. of eight rats. a Significant difference vs the value of the CONT group. Significant difference vs the value of the PDH-C group. Statistical analysis was performed by unpaired Student's t-test. For key to the groups, see Table 1 . Table 3 Effects of pravastatin treatment on hydroxyproline level, activities of myeloperoxidase (MPO) and superoxide dismutase (SOD), and expression levels of tumor necrosis factor (TNF)-a and interleukin (IL)-10 mRNA in the pancreas Values were mean ± s.e.m. of eight rats. a Significant difference vs the value of the CONT group.
b
Significant difference vs the value of the PDH-C group. Statistical analysis was performed by unpaired Student's t-test. For key to the groups, see Table 1 . Although proportion of fibrotic area gradually increased in the PDH-P group, these values were significantly lower than those in the PDH-C group at each time point. (B) The expression level of TGF-b1 transcript in the pancreas markedly increased after induction of PDH. In the PDH-C group, the expression level of TGF-b1 transcript peaked on day 2, and thereafter, it gradually decreased. However, in the PDH-P group, the expression level of TGF-b1 transcript in the pancreas significantly decreased compared with that in the PDH-C group. Values are expressed as mean±s.e.m. of eight rats. (a) Po0.05 vs value in the control (CONT) group at each time point. (b) Po0.05 vs value in the PHD-C group at each time point. Statistical analysis was performed by unpaired Student's t-test. For key to the groups, see Figure 1 .
Pravastatin attenuates chronic pancreatitis L Wei et al a-SMA-positive cells were slightly detected in the periductal and interlobular areas in the PDH-P group ( Figure 8C) .
Apoptotic cells detected with antibody for ss-DNA were rarely observed in the CONT group ( Figure 8D ). In the PDH-C group, several apoptotic cells were detected in one intralobular area, especially atrophic lesion of the pancreas ( Figure 8E) , and index of ss-DNA was significantly increased compared with that in the CONT group (Table 4) . Treatment with pravastatin decreased the number of apoptotic cells in the intralobular areas of the pancreas ( Figure 8F ) and significantly lowered the index of ss-DNA compared with the PDH-C group (Table 4) .
Oxidatively stressed cells detected with nuclear staining for 8-OHdG were very rare in the CONT group ( Figure 9A ).
In contrast, in the PDH-C group, intense 8-OHdG immunoreactivity was observed, especially in the atrophic lesions of the pancreas ( Figure 9B) , and index of 8-OHdG was significantly higher than that in the CONT group (Table 4) . However, immunoreactivity of 8-OHdG was slightly detected in the PDH-P group (Figure 9C) , and index of 8-OHdG in the PDH-P group was significantly lower than that in the PDH-C group (Table 4) .
DISCUSSION
This study clearly showed that treatment with pravastatin, in spite of commencement after the induction of pancreatic fibrosis, attenuated progression of chronic pancreatitis in a rat experimental model. In this study, treatment with A B C D Figure 7 Representative light microscopic appearances of the pancreas stained with hematoxylin and eosin (H&E) (A-D) and with Azan-Mallory staining (E-H) in the each experimental group. (A) Only minimal histological changes were observed in the control (CONT) group on day 14. (B) However, in the pancreatic ductal hypertension (PDH)-C group, infiltration of inflammatory cells was noted in the intralobular and periductal areas on day 2. (C) On day 14, the pancreas of the PDH-C group was atrophic, and fibrosis and inflammatory cells were markedly distributed in the interlobular and intralobular areas. (D) In contrast, distributions of inflammatory cells and fibrosis were slightly noted in the PDH-P group on day 14. (E): Azan-Mallory staining revealed that fibrosis was rarely noted in the CONT group on day 14. (F) In contrast, Azan-Mallory staining confirmed that fibrosis was slightly found in the periductal and intralobular areas in the PDH-C group on day 2. (G) On day 14, fibrosis was markedly distributed around pancreatic ducts and in the interlobular and intralobular areas in the PDH-C group. (H) However, fibrosis was noted mainly around pancreatic ducts, but was slightly noted in the interlobular and intralobular areas in the PDH-P group. Original magnification, Â 100. Scale bar indicates 100 mm. For key to the groups, see Figure 1 .
pravastatin downregulated the expression levels of TNF-a and TGF-b1 mRNA compared with the PDH-C group. Previous studies 25 showed that TNF-a is a proinflammatory cytokine and is involved in the onset of pancreatitis in rats by mediating early inflammatory reactions. In addition, it is also well established that TGF-b1 mediates fibrosis in various organs. 26 Thus, it is conceivable that downregulation of the expression of these cytokines plays an important role in the attenuation of the progression of pancreatic inflammation and fibrosis by pravastatin treatment. In this study, expression level of TGF-b1 immediately peaked after induction of PDH, but the proportion of fibrosis progressively increased during experimental period. Previous studies have shown that TGF-b1 plays an essential role in the induction of fibrosis, 27 but other cytokines such as connective tissue growth factor (CTGF) act downstream of TGF-b1 to also facilitate progression of fibrosis. 28 It is therefore likely that expression level of TGF-b1 did not correlate with progression of pancreatic fibrosis. For the precise mechanisms of anti-inflammatory and anti-fibrogenic actions of pravastatin, we confirmed that pravastatin exerts antioxidative action in the pancreas, as previous studies have shown. 10, 29 As oxidative stress has been implicated in the pathophysiology of chronic pancreatitis 30, 31 and antioxidant treatment can inhibit TGF-b release and thereby suppress pancreatic inflammation and fibrosis, 32 it is conceivable that pravastatin suppresses progression of pancreatic inflammation and fibrosis in this experimental model by attenuating oxidative stress. In support of our view, previous studies have shown that statins reduce fibrosis and inflammation along with an attenuation of oxidative stress in the kidney 4 and heart. 33 In this study, we found that treatment with pravastatin markedly increased production of IL-10 in the pancreas. IL-10 is considered to be an anti-inflammatory cytokine, because IL-10 inhibits production of various proinflammatory cytokines such as TNF-a and IL-6 by monocyte, and regulates inflammatory response. 34 A very recent study also showed that treatment with atorvastatin increases expression of IL-10 and then attenuates progression of glomerulonephritis. 35 Therefore, our observations and previous studies suggest that overexpression of IL-10 plays an important role for anti-inflammatory and anti-fibrotic actions of pravastatin. 
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Previously, PSCs were identified and characterized. 21, 36 PSCs are activated upon exposure to cytokines such as TGF-b1 and TNF-a, and then have a capacity to produce extracellular matrix proteins with an expression of a-SMA. 37, 38 As treatment with pravastatin decreased the expression of a-SMA-positive cells, it is quite possible that pravastatin prevents activation of PSCs and thereby attenuates progression of pancreatic fibrosis. Recently, an experimental study showed that green tea polyphenol prevents ethanol-induced activation of PSCs, and inhibits TGF-b1 secretion and collagen production from PSCs by its anti-oxidative effect. 39 Taken together, our results suggest that treatment with pravastatin prevented the progression of pancreatic inflammation and fibrosis by reducing activation of PSCs through its anti-oxidative effect. Previous experimental studies in vitro 40, 41 have shown that statins inhibit activation of fibroblasts and reduce expression of CTGF from fibroblasts through the interruption of Ras signaling and suppression of translocation of RhoA to cellular membrane. These observations suggest that statins also exert direct beneficial actions on PSCs.
This study revealed that treatment with pravastatin suppressed apoptosis in the pancreas. In support of these observations, pravastatin treatment significantly increased pancreatic weight, and contents of DNA and protein compared with the PDH group. As oxidative stress 42 and inflammatory mediators such as TGF-b1 and TNF-a 43 strongly induce apoptosis, it seems likely that pravastatin inhibits apoptosis by its anti-oxidative and anti-inflammatory actions.
Pravastatin treatment significantly improved pancreatic secretory function in response to secretin stimulation. As treatment with pravastatin markedly attenuated progression of fibrosis and atrophy of the pancreas, improved pancreatic secretory function could be attributable to the maintenance of pancreatic exocrine glands by anti-inflammatory and antifibrotic actions of pravastatin. Although the PDH-C group significantly lost body weight during experimental period, treatment with pravastatin prevented the significant decrease in the body weight. As there was no significant difference in the average daily food intake among three experimental groups, it is conceivable that treatment with pravastatin prevented body weight loss by improving pancreatic exocrine dysfunction and reducing maldigestion and malabsorption. On the other hand, this experimental model of chronic pancreatitis model shows only little endocrine insufficiency, 11 probably because PDH does not cause inflammation and fibrosis in the islets is due to the different anatomical location from exocrine glands. Therefore, effect of pravastatin on pancreatic endocrine insufficiency was not examined in this study. However, experimental and clinical studies 10, 44 showed that treatment with statins improve insulin secretory function and insulin sensitivity. These observations suggest that pravastatin exerts beneficial actions on endocrine dysfunction secondary to chronic pancreatitis.
To our knowledge, very limited experimental studies examined the therapeutic effect of statins on fibrosis in the organs. 45 , 46 Haydont et al 45 reported that pravastatin exerts an anti-fibrotic action on the established radiation-induced intestinal fibrosis in rats. In contrast, Chang et al 46 showed that rosuvastatin failed to alleviate the established left ventricular hypertrophy in the hypertensive rat model, although it attenuated myocardial fibrosis and myocardial stiffness compared with untreated rats. In this study, proportion of fibrotic area gradually increased even after the commencement of pravastatin treatment, which suggests that treatment with pravastatin has limited therapeutic value in this experimental model of chronic pancreatitis. We speculated that persistence of PDH even after the commencement of pravastatin treatment results in the limitation of the therapeutic action of pravastatin in this experimental model. However, pravastatin substantially attenuated the progression of typical features of chronic pancreatitis such as pancreatic exocrine insufficiency and ongoing process of inflammation, fibrosis and apoptosis, followed by atrophy of the pancreas. These results suggest that statins exert beneficial effects on patients with chronic pancreatitis and improve its prognosis. On the other hand, a number of case reports have suggested that statins may cause acute pancreatitis (AP). 47, 48 However, population-based case-control studies 49, 50 have not supported the hypothesis of a causative effect of statins on the risk of AP, and even indicated a mild protective effect. 50 These results suggest that risk of statins to cause drug-induced pancreatitis is very limited for patients with chronic pancreatitis.
In conclusion, our experimental study clearly showed that treatment with pravastatin started after the induction of chronic pancreatitis attenuates progression of pancreatic inflammation, fibrosis, apoptosis and pancreatic exocrine insufficiency by anti-oxidative action and overproduction of IL-10 in rats. However, further studies are required to investigate other mechanisms of the beneficial effect of statins. These results support the clinical use of pravastatin for patients with chronic pancreatitis.
